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METHOD AND APPARATUS FOR FORMING 
IMPROVED METAL INTERCONNECTS 

This application is a continuation of United 
5 States Patent Application Serial No. 10/067,709, filed 

February 5, 2002, which is a continuation of U.S. Patent No. 
6,559,061, which is a continuation of United States Patent 
No. 6,287,977, all of which are hereby incorporated by 
reference herein in their entirety. 

10 

FIELD OF THE INVENTION 

The present invention relates to semiconductor 
device metal layer interconnects and more particularly to 
reducing the contact resistance of interconnects. 

15 

BACKGROUND OF THE INVENTION 

A typical integrated circuit contains a plurality 
of metal pathways to provide electrical power for powering 
the various semiconductor devices comprising the integrated 

20 circuit, and to allow these semiconductor devices to 

share/exchange electrical information. Within integrated 
circuits, metal layers are stacked on top of one another by 
using intermetal or "interlayer" dielectrics that insulate 
the metal layers from each other. Typically, however, each 

25 metal layer must form electrical contact to an additional 

metal layer. Metal-layer-to-metal-layer electrical contact 
is achieved by etching a hole (i.e., a via) in the 
interlayer dielectric that separates the first and second 
metal layers, and by filling the resulting hole or via with 

30 a metal to create an interconnect as described further 
below. 

The use of copper in place of aluminum as the 
interconnect material for semiconductor devices has grown in 
popularity due to copper's lower resistivity. Unlike 
35 aluminum, however, copper is highly mobile in silicon 

dioxide and may, as a result of infiltration of copper, atoms 

1 
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into the dielectric, create leakage paths through a device's 
various dielectric layers. Copper atoms also can cause 
electrical defects in silicon. Accordingly, as best 
understood with reference to FIGS. 1A-1C described below, a 
5 semiconductor device employing copper interconnects requires 
the creation of encapsulating barrier layers to prevent 
deleterious incorporation of copper atoms into the device's 
various material layers. 

FIGS. 1A-C show sequential cross-sectional views 

10 of the formation of a conventional copper interconnect 10 

(FIG. 1C) through an aperture in a dielectric layer disposed 
between two copper layers, a first copper layer 11a disposed 
within a dielectric layer D and a second copper layer lib. 
With reference to FIG. 1A, to form the copper interconnect 

15 10, a silicon dioxide interlayer dielectric 13 is deposited 
over the first copper layer 11a. A first via 15 then is 
etched in the interlayer dielectric 13 to expose the first 
copper layer 11a. 

Copper is highly reactive with oxygen and easily 

20 forms a surface layer of high resistivity copper oxide when 
exposed to an oxygen rich atmosphere. Because the first 
layer 11a is copper, a high resistance copper oxide layer 
11a' can form on the top surface of the first copper layer 
11a if the first copper layer 11a is exposed to oxygen or 

25 water vapor (e.g., air). This oxidation can occur when the 
wafers, just having the vias etched therein, are moved from 
an etch tool to a metallization tool. The copper oxide 
layer 11a will complete formation once all exposed and 
unoxidized copper is converted to copper oxide. 

30 Accordingly, to minimize the resistance of the copper 
interconnect 10, the copper oxide layer 11a' must be 
removed. Typically the copper oxide layer 11a' is removed 
by sputtering the copper oxide layer 11a' with ions 
generated within a plasma (i.e., sputter-etching), such as 

35 argon ions generated within an argon plasma. The argon ions 
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are accelerated toward the wafer via a negative electric 
bias imposed on the wafer or on the wafer support. These 
ions strike the wafer and the copper oxide layer 11a' at the 
base of the unfilled via, and eject material from the copper 
5 oxide layer 11a' (including copper immediately beneath the 
copper oxide) due to momentum transfer between the 
accelerated argon ions and the copper oxide layer 11a' . 

The ejected material, which includes copper atoms 
11a'', coats the interlayer dielectric 13 as shown in FIG . 

10 1A. The copper atoms 11a'' contained in the ejected 

material can enter the interlayer dielectric 13 and drift 
therethrough under the influence of an applied electric 
field (e.g., a device voltage), causing deleterious 
interconnect-to-interconnect leakage currents (i.e., via-to- 

15 via leakage currents) . Such deleterious via-to-via leakage 
currents, however, cannot be avoided in conventional copper 
interconnects if the copper oxide layer 11a' is removed. 
Accordingly, conventional copper interconnects suffer from 
either a high resistance copper oxide layer 11a' which is 

20 left in place to prevent dielectric degradation induced by 
copper sputtered directly on the wall of the unfilled via, 
or copper atom induced degradation in the dielectric which 
leads to via-to-via leakage currents . 

Following removal of the copper oxide layer 11a' , 

25 a thin barrier layer 17 (e.g., tantalum, tantalum nitride, 

titanium nitride, tungsten or tungsten nitride) is deposited 
over the interlayer dielectric 13 and the first copper layer 
11a as shown in FIG. IB. The barrier layer 17 prevents 
copper atoms from a subsequently deposited copper layer 

30 (namely the second copper layer lib of FIG. 1C) from 

incorporating into, and thus degrading, the interlayer 
dielectric 13. 

To complete the conventional copper interconnect 
10, the second copper layer lib is deposited over the 

35 barrier layer 17 either conformally or in the form of a 
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copper plug lib', as shown in FIG. 1C. A copper "seed" 
layer (not shown) typically is deposited prior to deposition 
of the copper plug lib' . Thus, a conventional copper 
interconnect 10 consists of the first copper layer 11a "in 
5 contact" with the second copper layer lib through the 
barrier layer 17. 

Because the barrier layer 17 can have a 
resistivity up to 100 times greater than the resistivity of 
copper, the barrier layer 17 significantly increases the 

10 contact resistance of the interconnect 10 formed between the 
first copper layer 11a and the second copper layer lib. 
Therefore, the significant advantage of copper's lower 
resistivity is not fully realized due to the presence of 
barrier layers. The barrier layer 17, however, is required 

15 to prevent further incorporation of copper atoms within the 
interlayer dielectric 13. 

In sum, conventional copper interconnects suffer 
from high resistances due to the presence of barrier layers, 
and can suffer from via-to-via leakage currents due to 

20 sputtered copper atom incorporation in the interlayer 

dielectric 13 during interconnect formation. Accordingly, a 
need exists for an improved copper interconnect that does 
not suffer from either high resistance or via-to-via leakage 
currents . 

25 

SUMMARY OF THE INVENTION 

The present invention provides an inventive copper 
interconnect free from copper atom via-to-via leakage 
current paths and preferably having a significantly reduced 

30 resistance. Specifically, in a first aspect, a barrier 

layer (e.g., tantalum, tantalum nitride, titanium nitride, 
tungsten or tungsten nitride) is deposited on the exposed 
first copper layer and on the interlayer dielectric prior to 
sputter-etching the copper oxide layer. Thereafter, the 

35 barrier layer at the bottom of the interlayer dielectric's 
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via, and the copper oxide layer thereunder, are sputter- 
etched. Because the barrier layer is deposited prior to 
sputter-etching, during sputter-etching copper atoms from 
the copper oxide layer redistribute on the barrier layer 
5 rather than on the interlayer dielectric. The copper atoms 
are not mobile within the barrier layer, and are prevented 
from diffusing to and contaminating the interlayer 
dielectric. Accordingly, no via-to-via leakage current 
paths are created during copper interconnection formation. 

10 Following sputter-etching, the second copper layer 

is deposited over the barrier layer and the exposed first 
copper layer to complete copper interconnect formation. 
Because the first and second copper layers are in direct 
contact, the high resistivity of the barrier layer is 

15 eliminated. Accordingly, the inventive copper interconnect 
has low resistance in addition to no via-to-via leakage 
current paths . 

In a second aspect, a capping dielectric barrier 
layer (e.g., silicon nitride) is deposited over the first 

20 copper layer prior to interlayer dielectric formation. 
Preferably, the capping dielectric barrier layer is 
deposited before the first copper layer is exposed to oxygen 
(e.g., air) to prevent copper oxide formation on the first 
copper layer. Thereafter, the capping dielectric barrier 

25 layer and any copper oxide formed on the first copper layer 
are sputter-etched. Because the capping dielectric barrier 
layer is sputter-etched first, it is redistributed on the 
sidewalls of the interlayer dielectric and serves as a 
diffusion barrier to any copper atoms (from the underlying 

30 copper oxide layer) that may redistribute on the sidewalls 
during sputter-etching. The redistributed capping 
dielectric barrier layer material thus prevents copper atoms 
from entering the interlayer dielectric and creating via-to- 
via current leakage paths therein. 
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The copper interconnect is completed by depositing 
a barrier layer over the exposed first copper layer, and by 
depositing a second copper layer over the barrier layer. 
The presence of the barrier layer between the first and 
5 second copper layers increases the copper interconnects 
resistance. However, unlike the prior art, the copper 
interconnect does not suffer from via-to-via leakage 
currents. Further, the capping dielectric barrier layer may 
be used advantageously as an etch stop layer if so desired. 

10 A third aspect of the invention also employs the 

capping dielectric barrier layer. However, unlike the 
second aspect, the barrier layer is deposited on the capping 
dielectric barrier layer and on the interlayer dielectric 
prior to sputter-etching. Thereafter, the barrier layer, 

15 the capping dielectric barrier layer, and any copper oxide 
formed on the first copper layer are etched, and the second 
copper layer is deposited directly on the exposed first 
copper layer, making direct contact therebetween. 

Both the barrier layer and the material from the 

20 capping dielectric barrier layer which redistributes on the 
sidewalls of the interlayer dielectric prevent sputter- 
etched copper atoms from reaching the interlayer dielectric. 
Via-to-via leakage currents thereby are eliminated. Because 
the first and second copper layers are in direct contact 

25 (the barrier layer having been removed) , the inventive 

copper interconnect has low resistance. Like the second 
aspect, the capping dielectric barrier layer of the third 
aspect may serve as an etch stop layer and preferably is 
deposited prior to exposing the first copper layer to 

30 oxygen. 

For the first and third aspects, preferably the 
deposition of the barrier layer on the sidewalls of the 
interlayer dielectric is performed "simultaneously" with 
either the sputter-etching of the copper oxide layer (first 
35 aspect) or the capping dielectric barrier layer and the 
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copper oxide layer (third aspect) . Simultaneous 
deposition/sputter-etching may be performed within a high 
density plasma (HDP) sputtering chamber by adjusting the 
chamber 7 s RF coil power and RF wafer bias to achieve the 
5 desired deposition/sputter-etching ratio. Alternatively , 
deposition of the barrier layer and sputter-etching of the 
copper oxide layer and the capping dielectric barrier layer 
may be performed "sequentially" within the same chamber or 
by depositing the barrier layer within a first processing 

10 chamber (e.g., an HDP chamber) and by sputter-etching any 

copper oxide layer and any capping dielectric barrier layer 
within a separate processing chamber (e.g., a sputter- 
etching chamber such as Applied Materials' Preclean II 
chamber) . In either case, deposition of the second copper 

15 layer preferably is performed prior to breaking vacuum so as 
to maintain a copper-oxide free interface between the first 
and second copper layers . 

Other objects, features and advantages of the 
present invention will become more fully apparent from the 

20 following detailed description of the preferred embodiments, 
the appended claims and the accompanying drawings . 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1A-C are sequential cross sectional views of 
25 the formation of a conventional copper interconnect as 
previously described; 

FIG. 2 is a diagrammatic illustration, in section, 
of the pertinent portions of an high density plasma 
sputtering chamber for practicing the present invention; 
30 FIGS. 3A-C are sequential cross sectional views of 

the formation of a copper interconnect in accordance with a 
first aspect of the present invention; 

FIGS. 4A-D are sequential cross sectional views of 
the formation of a copper interconnect in accordance with a 
35 second aspect of the present invention; 



7 



2287/C03/PVD/PS Express Mail Label No. EL975550258US 

FIGS. 5A-C are sequential cross sectional views of 
the formation of a copper interconnect in accordance with a 
third aspect of the present invention; 

FIG. 6 is a top plan view of an automated 
5 semiconductor manufacturing tool useful for performing the 
inventive methods ; 

FIG. 7 is a flowchart of the operation, in 
pertinent part, of the automated semiconductor manufacturing 
tool of FIG. 6 as controlled by a controller during the 
10 formation of the inventive interconnects of FIGS. 3A-5C; 

FIG. 8 is a flow chart of a first interconnect 
subroutine of the flow chart of FIG. 7; 

FIG. 9 is a flow chart of a second interconnect 
subroutine of the flow chart of FIG. 7; and 
15 FIG. 10 is a flow chart of a third interconnect 

subroutine of the flow chart of FIG. 7. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

In the preferred aspects of the present invention, 

20 copper interconnect formation is performed primarily within 
a high density plasma sputtering chamber (although 
interconnect vias may be filled by a process for filling 
vias, such as chemical vapor deposition (CVD) , physical 
vapor deposition (PVD) or electroplating as is known in the 

25 art) . Accordingly, before discussing the preferred aspects 
for copper interconnect formation, the operation of such a 
high density plasma sputtering chamber is described briefly 
with reference to FIG. 2. 

FIG. 2 is a side diagrammatic illustration, in 

30 section, of the pertinent portions of a high density plasma 
sputtering chamber 21 for practicing the present invention. 
The sputtering chamber 21 contains a wire coil 23 which is 
operatively coupled to a first RF power supply 25. The wire 
coil 23 may comprise a plurality of coils, a single turn 

35 coil as shown in FIG. 2, a single turn material strip, or 
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any other similar configuration. As shown in FIG. 2, the 
wire coil 23 is positioned along the inner surface of the 
sputtering chamber 21, between a sputtering target 27 and a 
substrate support pedestal 29. The substrate support 
5 pedestal 29 is positioned in the lower portion of the 
sputtering chamber 21 and the sputtering target 27 is 
mounted in the upper portion of the sputtering chamber 21 
and facing the substrate receiving surface of the support. 
The sputtering chamber 21 generally includes a vacuum 

10 chamber enclosure wall 31 having at least one gas inlet 33 
and having an exhaust outlet 35 operatively coupled to an 
exhaust pump 37. 

The sputtering target 27 and the substrate support 
pedestal 29 are electrically isolated from the enclosure 

15 wall 31. The enclosure wall 31 preferably is grounded so 

that a negative voltage (with respect to grounded enclosure 
wall 31) may be applied to the sputtering target 27 via a DC 
power supply 39 operatively coupled between the target 27 
and the enclosure wall 31, and a negative bias may be 

20 applied to the substrate support pedestal 29 via a second RF 
power supply 41 operatively coupled between the pedestal 29 
and ground. A controller 42 is operatively coupled to the 
first RF power supply 25, the DC power supply 39, the second 
RF power supply 41, the gas inlet 33 and the exhaust outlet 

25 35. 

If, for example, the sputtering chamber 21 is 
configured for deposition of tantalum nitride layers, a 
tantalum target 27 is employed. Typically, both argon and 
nitrogen gas are flowed into the sputtering chamber 21 

30 through the gas inlet 33 (multiple inlets, one for each gas, 
may be used) , while a power signal is applied to the coil 23 
via the first RF power supply 25, and a power signal is 
applied to the target 27 via the DC power supply 39. During 
steady-state processing, nitrogen may react with the 

35 tantalum target 27 to form a nitride film on the tantalum 
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target 27 so that tantalum nitride is sputtered therefrom. 
Additionally, non-nitrided tantalum atoms are also sputtered 
from the target, which atoms can combine with nitrogen to 
form tantalum nitride in flight or on a wafer (not shown) 
5 supported by the pedestal 29. 

In operation, a throttle valve (not shown) 
operatively coupled to the exhaust outlet 35 is placed in a 
mid-position in order to maintain the deposition chamber 21 
at a desired low vacuum level of about lxlO" 8 torr prior to 

10 introduction of the process gas(es) into the chamber. To 
commence processing within the sputtering chamber 21, a 
mixture of argon and nitrogen gas is flowed into the 
sputtering chamber 21 via the gas inlet 33. After the gas 
stabilizes at a pressure of about 10-100 millitorr 

15 (preferably 10-60 millitorr, and more preferably 15-30 

millitorr) , DC power is applied to the tantalum target 27 
via the DC power supply 39 and an RF power signal is applied 
to the coil 23 via the first RF power supply 25 (while the 
gas mixture continues to flow into the sputtering chamber 21 

2 0 via the gas inlet 33 and is pumped therefrom via the pump 
37) . The DC power applied to the target 27 and coil 23 
causes the argon/nitrogen gas mixture to form a plasma and 
to generate argon and nitrogen ions which are attracted to, 
and strike the target 27 causing target material (e.g., 

25 tantalum and tantalum nitride) to be ejected therefrom. The 
ejected target material travels to and deposits on a wafer 
(not shown) supported by the pedestal 29. 

By adjusting the duty cycle of the RF power signal 
applied to the substrate support pedestal 29, a negative 

30 bias can be created between the substrate support pedestal 
29 and the plasma. The negative bias between the substrate 
support pedestal 29 and the plasma causes argon ions to 
accelerate toward the pedestal 2 9 and any wafer supported 
thereon. Accordingly, a wafer may be sputter-etched by the 

35 argon ions at the same time the tantalum nitride material 

10 
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from the target 27 deposits on the wafer (i.e., simultaneous 
deposition/sputter-etching), as is well known in the art. 
This type of simultaneous deposition/sputter-etching within 
the chamber 21 may be advantageously employed for the 
5 inventive copper interconnect formation methods disclosed 
herein, as described below. 

FIGS. 3A-C show sequential cross-sectional views 
of the formation of a first copper interconnect 43 (FIG. 3C) 
in accordance with a first aspect of the present invention. 

10 With reference to FIG. 3A, an interlayer dielectric 45 
(e.g., silicon dioxide) is deposited over a first metal 
layer (e.g., a first copper layer 47a). A via 49 then is 
etched in the interlayer dielectric 45 to expose the first 
copper layer 47a. 

15 The first metal layer may be deposited using CVD, 

PVD, electroplating or other such well known metal 
deposition techniques, and it is connected, via contacts, 
through a dielectric layer, to devices formed in the 
underlying semiconductor wafer. If the first copper layer 

20 47a is exposed to oxygen, such as when the wafer is moved 
from an etching chamber in which the oxide overlaying the 
first copper layer is etched to create apertures for 
creation of vias between the first copper layer and a second 
to be deposited metal layer, it will readily form an 

25 insulating/high resistance copper oxide layer 47a' thereon. 
Accordingly, to reduce the resistance of the copper 
interconnect 43, any copper oxide layer 47a' and any 
processing residue within the via 49 must be removed. 
However, unlike conventional copper interconnect formation, 

30 a barrier layer 51 is deposited (e.g., within the sputtering 
chamber 21 of FIG. 2) over the interlayer dielectric 45 and 
over the exposed first copper layer 47a prior to removing 
the copper oxide layer 47a' . The barrier layer 51, 
preferably comprising tantalum, tantalum nitride, titanium 

35 nitride, tungsten or tungsten nitride prevents subsequently 
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deposited copper layers from incorporating in and degrading 
the interlayer dielectric 45 (as previously described) . 

Following deposition of the barrier layer 51, the 
portion of the barrier layer 51 at the bottom of the via 49, 
5 and the copper oxide layer 47a' (and any processing residue) 
thereunder, are sputter-etched via an argon plasma. Note 
that during sputter-etching within the sputtering chamber 21 
(FIG. 2), the power applied to the target 27 is either 
removed or is reduced to a low level (e.g., 500 W) so as to 

10 prevent significant deposition. A low target power level, 
rather than no target power, results in a more uniform 
plasma and is presently preferred. 

Argon ions are accelerated toward the barrier 
layer 51 via an electric field (e.g., the RF signal applied 

15 to the substrate support pedestal 2 9 via the second RF power 
supply 41 of FIG. 2 which causes a negative self bias to 
form on the pedestal), strike the barrier layer 51, and, due 
to momentum transfer, sputter the barrier layer material 
from the base of the via aperture and redistribute it along 

20 the portion of the barrier layer 51 that coats the sidewalls 
of the via 49. The argon ions are attracted to the substrate 
in a direction substantially perpendicular thereto. As a 
result, little sputtering of the via sidewall, but 
substantial sputtering of the via base, occurs. Once the 

25 barrier layer 51 has been sputter-etched from the via base, 
the argon ions strike the copper oxide layer 47a' , and the 
oxide layer is sputtered to redistribute the copper oxide 
layer material from the via base, some or all of the 
sputtered material being deposited along the portion of the 

30 barrier layer 51 that coats the sidewalls of the via 49. 
Copper atoms 47a'', as well, coat the barrier layer 51 
disposed on the sidewalls of the via 49. However, because 
the originally deposited barrier layer 51 along with that 
redistributed from the via base to via sidewall is a 

35 diffusion barrier to the copper atoms 47a' ' , the copper 
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atoms 47a' ' are immobile within the barrier layer 51 and 
cannot reach the interlayer dielectric 45. The copper atoms 
47a' ' which are deposited onto the sidewall, therefore, do 
not generate via-to-via leakage currents as they would were 
5 they redistributed onto an uncoated sidewall. 

Thereafter, to form the copper interconnect 43, a 
second copper layer 47b is deposited (either conformally or 
so as to form a copper plug 47b' as shown in FIG. 3C) over 
the barrier layer 51 and over the portion of the first 

10 copper layer 47a exposed at the base of each via. Because 
the first and second copper layers 47a, 47b are in direct 
contact, rather than in contact through the barrier layer 51 
as in conventional copper interconnects, the resistance of 
the copper interconnect 43 is much lower than that of 

15 conventional copper interconnects (in addition to the 

interconnects freedom from via-to-via leakage currents). ■ 
Preferably deposition of the barrier layer 51 on 
the sidewalls of the via 49 and sputter-etching of the 
barrier layer 51 and the copper oxide layer 47a' at the 

20 bottom of the via 49 occur simultaneously. Simultaneous 

deposition/sputter-etching may be performed with the chamber 
21 of FIG. 2 by adjusting the power signals applied to the 
wire coil 23, the target 27 and the pedestal 29, as 
previously described. Because the coil 23 can be used to 

25 maintain the plasma, the plasma can sputter a wafer with a 
low relative bias on the wafer (less than that needed to 
sustain the plasma) . Once the sputtering threshold has been 
reached, for a particular wafer bias the ratio of the RF 
power applied to the wire coil 23 ("RF coil power") as 

30 compared to the DC power applied to the target 27 ("DC 

target power") dictates the relationship between sputter- 
etching and deposition. For instance, the higher the RF : DC 
power ratio the more sputtering will occur due to increased 
ionization and subsequent increased ion bombardment flux to 

35 the wafer. Increasing the wafer bias (e.g., increasing the 
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RF power supplied to the support pedestal 29) will increase 
the energy of the incoming ions which will increase the 
sputtering yield and the etch rate. For example, increasing 
the voltage level of the RF signal applied to the pedestal 
5 29 increases the energy of the ions incident on the wafer, 
while increasing the duty cycle of the RF signal applied to 
the pedestal 2 9 increases the number of incident ions. 
Therefore, both the voltage level and the duty cycle of the 
wafer bias can be adjusted to control sputtering rate. In 

10 addition, keeping the DC target power low will decrease the 
amount of barrier material available for deposition. A DC 
target power of zero will result in sputter-etching only. A 
low DC target power coupled with a high RF coil power and 
wafer bias will result in simultaneous via sidewall 

15 deposition and via bottom sputtering. Accordingly, the 

process must be tailored for the material and geometries in 
question. For a typical 3:1 aspect ratio via on a 200 mm 
wafer, using tantalum or tantalum nitride as the barrier 
material, a DC target power of 500W to lkW, at an RF coil 

20 power of 2 to 3kW or greater, with a wafer bias of 250W to 

400W or greater applied continuously (e.g., 100% duty cycle) 
will result in barrier deposition on the wafer sidewalls and 
removal of material from the via bottom. The lower the DC 
target power, the less material will be deposited on the 

25 sidewalls. The higher the DC target power, the more RF coil 
power and/or wafer bias power is needed to sputter the 
bottom of the via. A 2 kW RF coil power level on the wire 
coil 23 and a 250 W RF wafer power level with 100% duty 
cycle on the pedestal 29 presently are preferred for 

30 simultaneous deposition/sputter-etching in connection with 

the first and third aspects (described below) of the present 
invention . 

It may be desirable to initially (e.g., for 
several seconds or more depending on the particular 
35 geometries/materials in question) apply no wafer bias during 
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simultaneous deposition/sputter-etching to allow sufficient 
via sidewall coverage to prevent contamination of the 
sidewalls by material sputter-etched from the via bottom. 
For instance, initially applying no wafer bias during 
5 simultaneous deposition/sputter-etching of the via 4 9 
ensures formation of an initial barrier layer on the 
sidewalls of the interlayer dielectric 45 that prevents 
sputtered copper atoms from contaminating the interlayer 
dielectric 45 during the remainder of the 

10 deposition/sputter-etching operation . 

Alternatively, deposition/sputter-etching may be 
performed "sequentially" within the same chamber or by 
depositing the barrier layer 51 within a first processing 
chamber and by sputter-etching the barrier layer 51 and 

15 copper oxide layer 47a' within a separate, second processing 
chamber (e.g., a sputter-etching chamber such as Applied 
Materials' Preclean II chamber) . 

FIGS. 4A-D show sequential cross-sectional views 
of the formation of a second copper interconnect 53 (FIG. 

20 4D) in accordance with a second aspect of the present 

invention. With reference to FIG. 4A, a capping dielectric 
barrier layer (e.g., a silicon nitride layer 55) is 
deposited over a first metal layer (e.g., a first copper 
layer 57a) before the interlayer dielectric 59 is deposited 

25 and etched to form the via 59' . The thickness of the 

silicon nitride layer 55 is selected to be compatible with 
chemical mechanical polishing processes while providing 
adequate barrier performance (e.g., 50 to 1000 Angstroms, 
more preferably 150 to 500 Angstroms, and most preferably 

30 250-300 Angstroms) . If the first copper layer 57a is 

exposed to oxygen prior to depositing the silicon nitride 
layer 55, a copper oxide layer 57a' will form on the first 
copper layer 57a as shown in FIG. 4A (e.g., during 
dielectric deposition of dielectric layer D (FIG. 4A) , 

35 during etch of the dielectric layer D, during copper 
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deposition and/or etch back to form the first copper layer 
57a, or during chemical metal polish of the dielectric layer 
D) . Therefore, the silicon nitride layer 55 preferably is 
deposited over the first copper layer 57a prior to exposing 
5 the first copper layer 57a to oxygen (e.g., within an 
automated vacuum wafer processing system which provides 
wafer transfer between processing chambers within a vacuum 
environment) so as to avoid formation of the copper oxide 
layer 57a' . Following chemical metal polish, a thin native 

10 copper oxide layer forms on the first copper layer 57a. 

However, depositing the silicon nitride layer 55 shortly 
thereafter prevents further oxidation. 

An interlayer dielectric 59 is deposited over the 
silicon nitride layer 55, and a via 59' is etched in the 

15 interlayer dielectric 59 so as to expose the silicon nitride 
layer 55. But, if the first copper layer 57a is exposed to 
oxygen before the silicon nitride layer 55 is deposited, the 
inventive method will nonetheless avoid the deleterious 
effects of the copper oxide, as previously described. The 

20 silicon nitride layer 55 also serves to prevent the 

diffusion of copper atoms from the first copper layer 57a 
into the interlayer dielectric 59 during formation and 
patterning of the interlayer dielectric 59. 

With reference to FIG. 4B, to reduce the 

25 resistance of the copper interconnect 53, the silicon 

nitride layer 55 (e.g., a high resistance layer), any copper 
oxide layer 57a' and any processing residue (e.g., left 
during the formation of the via 59' ) are sputter-etched via 
an argon plasma (as previously described) . As the silicon 

30 nitride layer 55 is sputter-etched, silicon nitride layer 
material is redistributed along the sidewalls of the via 
59', forming a redistributed nitride layer 55' thereon. 
Subsequently, when the copper oxide layer 57a' is sputter- 
etched, copper oxide layer material, including copper atoms 
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57a'', redistributes along the sidewalls of the via 59' on 
top of the redistributed nitride layer 55' . 

Because copper atoms do not diffuse within silicon 
nitride, the copper atoms 57a'' are immobile within the 
5 redistributed nitride layer 55' . Accordingly, the copper 
atoms 57a' ' cannot diffuse to the interlayer dielectric 59 
and therefore cannot create via-to-via leakage currents. 

The copper interconnect 53 is completed by 
depositing a barrier layer 61 over the interlayer dielectric 

10 59 and over the first copper layer 57a (exposed by sputter- 
etching the silicon nitride layer 55 and the copper oxide 
layer 57a') (FIG. 4C) , and by depositing a second copper 
layer 57b (either conformally or so as to form a copper plug 
57b' ) over the barrier layer 61 (FIG. 4D) . 

15 Because the first and second copper layers 57a, 

57b are not in direct contact, but instead are in contact 
through the barrier layer 61, the copper interconnect 53 of 
FIG. 4D has a higher resistance than the copper interconnect 
43 of FIG. 3C. However, like the copper interconnect 43 of 

20 FIG. 3C, the copper interconnect 53 of FIG. 4D does not 
suffer from the via-to-via leakage currents present in 
conventional copper interconnects. Additionally, if so 
desired, the silicon nitride layer 55 may be used as an etch 
stop when selectively removing the interlayer dielectric 59, 

25 such as during the formation of the via 59' . 

FIGS. 5A-C show sequential cross-sectional views 
of the formation of a third copper interconnect 63 (FIG. 5C) 
in accordance with a third aspect of the present invention. 
With reference to FIG. 5A, as with the second copper 

30 interconnect 53 of FIG. 4D, a capping dielectric barrier 

layer (e.g., a silicon nitride layer 65) is deposited over a 
first metal layer (e.g., a first copper layer 67a). If the 
first copper layer 67a is exposed to oxygen prior to 
depositing the silicon nitride layer 65, a copper oxide 

35 layer 67a' will form on the first copper layer 67a as shown 
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in FIG. 5A. Therefore, the silicon nitride layer 65 
preferably is deposited over the first copper layer 67a 
prior to exposing the first copper layer 67a to oxygen 
(e.g., without removing the wafer from the vacuum 
5 environment) so as to avoid formation of the copper oxide 
layer 67a' . An interlayer dielectric 69 is deposited over 
the silicon nitride layer 65, and a via 69' is formed in the 
interlayer dielectric 69 to expose the silicon nitride layer 
65. 

10 Following deposition of the interlayer dielectric 

69 and formation of the via 69' therein, a barrier layer 71 
(e.g., tantalum, tantalum nitride, titanium nitride, 
tungsten or tungsten nitride) is deposited over the 
interlayer dielectric 69 and the exposed silicon nitride 

15 layer 65 so as to prevent subsequently deposited copper 

layers from incorporating in and degrading the interlayer 
dielectric 69. The barrier layer 71, the silicon nitride 
layer 65, and any copper oxide layer 67a' which may have 
formed, are sputter-etched (FIG. 5B) via an argon plasma as 

20 previously described. As the barrier layer 71, the silicon 
nitride layer 65, and any copper oxide layer 67a' are 
sputter-etched, material from each layer is redistributed 
along the sidewalls of the via 69' . Copper atoms 67a' ' , 
which are sputter-etched from the copper oxide layer 67a' , 

25 deposit on the barrier layer 71 and the redistributed 

silicon nitride material that coats the sidewalls of the via 
69' . Because both the barrier layer 71 and the silicon 
nitride layer 65 are diffusion barriers to copper atoms, the 
copper atoms 67a' ' cannot reach the interlayer dielectric 

30 69, and do not generate via-to-via leakage currents. 

The copper interconnect 63 is completed by 
depositing a second copper layer 67b (either conformally or 
so as to form a copper plug 67b') over the barrier layer 71 
and the exposed first copper layer 67a. Because the first 

35 and second metal layers 67a, 67b are in direct contact, the 
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copper interconnect 63 has a much lower resistance than the 
conventional copper interconnect 10 of FIG. 1C, and the 
inventive copper interconnect 53 of FIG. 4D. Additionally, 
if so desired, the silicon nitride layer 65 may be used as 
5 an etch stop when selectively removing the interlayer 

dielectric 69, such as during the formation of the via 69' . 

As with the barrier layer 51 of the copper 
interconnect 43 of FIG. 3C, deposition of the barrier layer 
71 (of the copper interconnect 63 of FIG. 5C) on the 

10 sidewalls of the via 69' and sputter etching of the barrier 
layer 71, the silicon nitride layer 65, and any copper oxide 
layer 67a' at the bottom of the via 69' preferably occur 
simultaneously (e.g., within a high density plasma 
sputtering chamber) . Alternatively, deposition/sputter- 

15 etching may be performed sequentially within the same 
chamber or within different chambers (as previously 
described) . 

Each inventive copper interconnect 43, 53 and 63, 
preferably is formed without breaking vacuum between 

20 exposure of the first copper layer and deposition of the 

second copper layer, so as to maintain a copper-oxide free 
interface between the various layers of each interconnect. 
To avoid formation of copper oxide, the exposure of the 
first copper layer and the deposition of the second copper 

25 layer preferably are performed within various processing 
chambers of an automated vacuum processing system such as 
Applied Materials' Endura® which provides wafer transfer 
within a vacuum environment, as disclosed in United States 
Patent No. 5,186,718, the entirety of which is hereby 

30 incorporated by reference herein. 

FIG. 6 is a top plan view of an automated 
semiconductor manufacturing tool 81 useful for performing 
the inventive methods. Specifically, the automated 
semiconductor manufacturing tool 81 comprises a pair of 

35 chambers, a buffer chamber 83 and a transfer chamber 85 
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which house a first and a second wafer handler 87, 89, 
respectively. The buffer chamber is operatively coupled to 
a pair of load locks 91, 93 and to a pair of pass-through 
chambers 95, 97. Other chambers such as degassing or cool- 
5 down chambers also may be coupled to the buffer chamber 83. 

The transfer chamber 85 is coupled to the pass- 
through chambers 95, 97, and to a plurality of processing 
chambers 99, 101, 103 and 105. The first processing chamber 
99 is for depositing barrier layers, e.g., a PVD or an HDP 

10 sputterdng chamber having a tantalum or other barrier layer 
material sputtering target mounted therein. Preferably the 
first processing chamber 99 comprises the high density 
plasma sputtering chamber 21 of FIG. 2. The second 
processing chamber 101 comprises an etch chamber such as an 

15 Applied Materials' Preclean II chamber. The third 

processing chamber 103 comprises a PVD, HDP or CVD chamber 
for depositing copper seed layers. The fourth processing 
chamber 105 comprises a copper fill chamber such as a CVD or 
PVD chamber. If desired, the fill process can be performed 

20 via electroplating outside the tool 81 (rather than within 
the fourth processing chamber 105) . 

A controller 107 comprising a microprocessor 109 
and memory 111 is operatively coupled to the first and 
second wafer handlers 87, 89, to the load locks 91, 93, to 

25 the four processing chambers 99 - 105, and to the various 
slit valves (not shown) for selectively sealing the load 
locks, pass-through chambers and processing chambers. The 
memory 111 contains a program for performing each of the 
interconnect formation methods described above for inventive 

30 interconnects 43, 53 and 63. In the example of FIG. 7, it 
is assumed that for each interconnect 43, 53 and 63, the 
vias 49, 59' and 69', respectively, are already formed by 
methods well known in the art prior to entering the tool 81. 
FIG. 7 is a flowchart of the operation, in 

35 pertinent part, of the automated semiconductor manufacturing 
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tool 81 as controlled by the controller 107 during the 
formation of interconnects 43, 53 and 63. 

In step 701, an interconnect program 700 within 
the memory 111 of the controller 107 is executed. 
5 In step 702, a wafer 113 is loaded into the load 

lock 91 of the tool 81 and the load lock 91 is pumped to a 
desired pressure (e.g., the pressure within the buffer 
chamber 83) . 

In step 703, the first wafer handler 87 transfers 
10 the wafer 113 from the first load lock 91 to the pass- 
through 95. 

In step 704, the controller 107 selects the 
processing sequences for forming either the interconnect 43, 
the interconnect 53 or the interconnect 63 based on a 

15 previous selection by a user of the tool 81. Thereafter, 
the controller 107 executes either the interconnect 43 
subroutine (step 705 described with reference to FIG. 8), 
the interconnect 53 subroutine (step 706 described with 
reference to FIG. 9) or the interconnect 63 subroutine (step 

20 707 described with reference to FIG. 10) . As described 

below, following any of these subroutines, the wafer 113 is 
contained within the third processing chamber 103 where a 
copper seed layer is deposited on the wafer 113. 

Thus, following completion of an interconnect 

25 subroutine, the wafer 113 is transferred by the second wafer 
handler 89 from the third processing chamber 103 to the 
fourth processing chamber 105, as indicated by step 708. 

In step 709, a copper fill process is performed on 
the wafer 113 to fill the via 49, 59' or 69' with copper so 

30 as to complete formation of the copper interconnect (either 
the interconnect 43, 53 or 63, respectively) . The fill 
process may be a conventional CVD or PVD fill process as is 
known in the art, or the fill process may be subsequently 
performed via electroplating outside the vacuum environment 

35 of the tool 81. Preferably the copper fill process 
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comprises the fill process disclosed in United States patent 
application Serial No. 08/768,058, filed December 16, 1996, 
titled "Selective Physical Vapor Deposition Conductor Fill 
in IC Structures/ 7 the entirety of which is hereby 
5 incorporated by reference herein. 

In step 710, the second wafer handler 89 transfers 
the wafer 113 from the fourth processing chamber 105 to the 
second pass-through 97. 

In step 711, the first wafer handler 87 transfers 
10 the wafer 113 from the second pass-through 97 to the second 
load lock 93. The wafer 113 thereafter may be removed from 
the second load lock 93 for subsequent device processing. 

In step 712, the controller 107 halts execution of 
the interconnect program 700 for formation of the 
15 interconnect 43, 53 or 63 on wafer 113. It will be 

understood that although the tool 81 is preferred for 
formation of the inventive interconnects, other tools (e.g., 
tools having a single wafer handler chamber) may be 
employed . 

20 FIG. 8 is a flow chart of the interconnect 43 

subroutine 705 of FIG. 7. In step 800, the interconnect 43 
subroutine is started. 

In step 801, the second wafer handler 89 transfers 
the wafer 113 from the first pass-through 95 to the first 

25 processing chamber 99. 

In step 802, the controller 107 selects the 
processing sequences for either sequential 
deposit ion/sputter -etching within separate processing 
chambers (e.g., the first and second processing chambers 99, 

30 101) (steps 803-806) or simultaneous deposition/sputter- 
etching within a single processing chamber (e.g., the first 
processing chamber 99) (steps 807 and 808) based on a 
previous selection by a user of the tool 81. It will be 
understood that the interconnect program 700 also may 

35 comprise processing sequences for sequential 



22 



2287/C03/PVD/PS Express Mail Label No. EL975550258US 

deposition/sputter-etching within a single processing 
chamber (e.g., the first processing chamber 99) as 
previously described with reference to FIGS. 2, 3A-C, 4A-D 
and 5A-C. 

5 For sequential deposition/sputter-etching within 

separate processing chambers, in step 803 the barrier layer 
51 is deposited over the interlayer dielectric 45, the 
sidewalls of the via 49 and the exposed first copper layer 
47a (FIG. 3A) . This may be performed via PVD, HDP 

10 deposition or CVD. 

In step 804, the second wafer handler 89 transfers 
the wafer 113 from the first processing chamber 99 to the 
second processing chamber 101. 

In step 805, the barrier layer 51 and any copper 

15 oxide layer 47a' are sputter-etched to expose the first 
copper layer 47a (FIG. 3B) . Preferably this etching is 
performed within an Applied Materials' Preclean II chamber. 

In step 806, the second wafer handler 89 transfers 
the wafer 113 from the second processing chamber 101 to the 

20 third processing chamber 103. 

For simultaneous deposition/sputter-etching, in 
step 807 the barrier layer 51 is deposited on the interlayer 
dielectric 45 and the sidewalls of the via 49 while the 
bottom of the via 49 and the copper oxide layer 47a' are 

25 simultaneously sputter etched to expose the first copper 
layer 47a. Preferably simultaneous deposition/sputter- 
etching is performed in an HDP chamber such as an Applied 
Materials' Vectra IMP chamber. As described with reference 
to FIGS. 2, 3A-C and 5A-C, simultaneous deposition/sputter- 

30 etching is achieved by adjusting the ratio of the RF power 

applied to both the substrate support pedestal 29 and to the 
wire coil 23 as compared to the DC power applied to the 
target 27. 

In step 808, the second wafer handler 89 transfers 
35 the wafer 113 from the first processing chamber 99 to the 
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third processing chamber 103 for copper seed layer 
deposition. No etching within the second processing chamber 
101 is required as the first copper layer 47a is exposed in 
step 807. Therefore, if simultaneous deposition/sputter- 
5 etching is used, the second processing chamber 101 is not 
required . 

Following either sequential or simultaneous 

deposition/sputter-etching, in step 809 a copper seed layer 

is deposited on the barrier layer 51 and on the exposed 
10 first copper layer 47a. Because the wafer 113 is maintained 

in a vacuum environment while within the tool 81, 

essentially no copper oxide reforms on the exposed first 

copper layer 47a prior to formation of the copper seed 

layer. An essentially oxide free, low resistance contact 
15 thereby is formed between the copper seed layer and the 

first copper layer 47a. The seed layer may be deposited 

using PVD, HDP deposition or CVD techniques. 

In step 810, the subroutine 705 ends and the 

program returns to steps 708-712 wherein the via 49 is 
20 filled with copper to complete the interconnect 43, and the 

wafer 113 is placed in the second load lock 93. 

FIG. 9 is a flowchart of the interconnect 53 

subroutine 706 of FIG. 7. In step 900, the interconnect 53 

subroutine 706 is started. 
25 In step 901, the second wafer handler 89 transfers 

the wafer 113 from the first pass-through 95 to the second 

processing chamber 101. 

In step 902, the silicon nitride layer 55 and any 

copper oxide layer 57a' are sputter-etched within the second 
30 processing chamber 101 to expose the first copper layer 57a 

(FIG. 4B) . 

In step 903, the second wafer handler 89 transfers 
the wafer 113 from the second processing chamber 101 to the 
first processing chamber 99. An alternative to steps 901- 
35 903 is to transfer the wafer 113 from the first pass-through 
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95 to the first processing chamber 99, and to sputter-etch 
the silicon nitride layer 55 and any copper oxide layer 57a' 
within the first processing chamber 99 (assuming the first 
processing chamber 99 is an HDP sputtering chamber) as 
5 previously described with reference to FIGS. 4A-D. In this 
manner the second processing chamber 101 is not required. 

In step 904, the barrier layer 61 is deposited 
over the interlayer dielectric 59 and the exposed first 
copper layer 57a (FIG. 4C) . 

10 In step 905 the second wafer handler 89 transfers 

the wafer 113 from the first processing chamber 99 to the 
third processing chamber 103. 

In step 906, a copper seed layer is deposited on 
the barrier layer 61. 

15 In step 907, the subroutine 706 ends and the 

program returns to steps 708-712 wherein the via 59' is 
filled with copper to complete the interconnect 53, and the 
wafer 113 is placed in the second load lock 93. 

FIG. 10 is a flowchart of the interconnect 63 

20 subroutine 707 of FIG. 7. In step 1000, the interconnect 63 
subroutine 707 is started. 

In step 1001, the second wafer handler 89 
transfers the wafer 113 from the first pass-through 95 to 
the first processing chamber 99. 

25 In step 1002, the controller 107 selects the 

processing sequences for either sequential 
deposition/sputter-etching within separate processing 
chambers (e.g., the first and second processing chambers 99, 
101) (steps 1003-1006) or simultaneous deposition/sputter- 

30 etching within a single chamber (e.g., the first processing 
chamber 99) (steps 1007 and 1008) based on a previous 
selection by a user of the tool 81. It will be understood 
that the interconnect program 700 also may comprise 
processing sequences for sequential deposition/sputter- 

35 etching within a single processing chamber (e.g., the first 
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processing chamber 99) as previously described with 
reference to FIGS. 2, 3A-C, 4A-D and 5A-C. 

If sequential deposition/sputter-etching within 
separate processing chambers is selected, in step 1003 the 
5 barrier layer 71 is deposited over the interlayer dielectric 
69 and the exposed silicon nitride layer 65 (FIG. 5A) . This 
may be performed via PVD, HDP deposition or CVD. 

In step 1004, the second wafer handler 89 
transfers the wafer 113 from the first processing chamber 99 

10 to the second processing chamber 101. 

In step 1005, the barrier layer 71, the silicon 
nitride layer 65 and any copper oxide layer 67a' are 
sputter-etched to expose the first copper layer 67a (FIG. 
5B) . Preferably this etching is performed within an Applied 

15 Materials' Preclean II chamber. 

In step 1006, the second wafer handler 89 
transfers the wafer 113 from the second processing chamber 
101 to the third processing chamber 103. 

If simultaneous deposition/sputter-etching is 

20 selected, in step 1007 the barrier layer 71 is deposited on 
the interlayer dielectric 69 and on the sidewalls of the via 
69' while the bottom of the via 69', the silicon nitride 
layer 65 and the copper oxide layer 67a' are simultaneously 
sputter-etched to expose the first copper layer 67a. 

25 Preferably simultaneous deposition/sputter-etching is 

performed in an HDP chamber such as an Applied Materials' 
Vectra IMP chamber. As described with reference to FIGS. 2, 
3A-C and 5A-C, simultaneous deposition/sputter-etching is 
achieved by adjusting the ratio of the RF power applied to 

30 both the substrate support pedestal 29 and to the wire coil 
23 as compared to the DC power applied to the target 27. 

In step 1008, the second wafer handler 89 
transfers the wafer 113 from the first processing chamber 99 
to the third processing chamber 103. No etching within the 

35 second processing chamber 101 is required as the first 
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copper layer 67a is exposed in step 1007. Therefore, if 
simultaneous deposition/sputter-etching is used, the second 
processing chamber 101 is not required. 

Thereafter, following either sequential or 
5 simultaneous deposition/sputter-etching, in step 1009 a 

copper seed layer is deposited on the barrier layer 71 and 
on the exposed first copper layer 67a . Because the wafer 
113 is maintained within a vacuum environment during 
transfer among the chambers 99 - 105, essentially no copper 

10 oxide reforms on the exposed first copper layer 67a prior to 
formation of the copper seed layer. An essentially oxide 
free, low resistance contact thereby is formed between the 
copper seed layer and the first copper layer 67a. The seed 
layer may be deposited using PVD, HDP deposition or CVD 

15 techniques. 

In step 1010, the subroutine 707 ends and the 
program returns to steps 708-712 wherein the via 69' is 
filled with copper to complete the interconnect 63, and the 
wafer 113 is placed in the second load lock 93. 

20 The interconnect program 700 of FIGS. 7-10 is 

merely exemplary. Alternatively, the program may comprise 
only a single subroutine 705, 706, 707, and/or each 
subroutine may contain only the sequential deposition and 
etch steps (within single or multiple processing chambers) 

25 or the simultaneous deposition and etch steps. Further, a 
number of steps may be performed prior to placing the wafer 
113 within the tool 81, and with respect to the 
interconnects 43 and 63, the interconnect program therefore 
may be as simple as depositing the second copper layer on 

30 the exposed first copper layer and thereby creating direct 
metal-to-metal contact between the first and second copper 
layers . 

As is known in the art, the controller 107 may 
comprise a plurality of interfaced controllers, each of the 
35 plurality of controllers having input/output ports for 
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receiving/transmitting control signals from/to other 
controllers, processing chambers, etc., interfaced thereto. 
Such control signals control various chamber conditions such 
as temperatures, pressures, flow rates, wafer, coil and 
5 target biases, etc., so as to achieve the desired processing 
step (e.g., deposition, etch, etc.) as is known in the art. 

The foregoing description discloses only the 
preferred embodiments of the invention, modifications of the 
above disclosed apparatus and method which fall within the 

10 scope of the invention will be readily apparent to those of 
ordinary skill in the art. For instance, while the present 
invention has been disclosed with reference to copper 
interconnects, other metal interconnects suffering from the 
deleterious effects of mobile-atom-induced via-to-via 

15 leakage currents and/or electrical defects may benefit from 
the teachings disclosed herein. A wide variety of barrier 
layer materials may be employed, and, while use of a high 
density plasma chamber is preferred, other deposition 
chambers may be used for simultaneous and/or sequential 

2 0 deposition/ sputter-etching . 

Accordingly, while the present invention has been 
disclosed in connection with the preferred embodiments 
thereof, it should be understood that other embodiments may 
fall within the spirit and scope of the invention, as 

25 defined by the following claims. 
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